Sinai basaltic rocks and by-pass cement dusts from the Misr Beni Suef plant in
Introduction
Glass-ceramic is a generic name given to materials, which first melted, formed into glass and then crystallised in controlled manner to yield nonporous polycrystalline products of unexpected properties. Controlled crystallisation usually involves two stages, a nucleation stage and a crystallisation stage, (1) (2) (3) that aim to produce fine grained uniform textures consisting of small randomly oriented crystals bonded by some residual interstitial glass without voids, micro-cracks or porosity. (4, 5) Glass-ceramics can have significant advantages over conventional glass or ceramic materials by combining the flexibility of formation and inspection of glass with good mechanical properties. Glassceramics are fine grained polycrystalline materials formed when glasses of suitable composition are heat treated and thus undergo controlled crystallisation, (6) and they are characterised by physical and mechanical properties such as high bending strength and hardness, good corrosion resistance and abrasion resistance. The raw materials used for the present investigations include basaltic rocks from Sinai and by-pass cement dust. Basalts are the main raw materials for iron-rich glass and glass-ceramic materials. They are composed of silica, alumina, iron oxide, calcia, magnesia as major oxides and, of lesser importance, soda, potassia, titania and manganese and phosphorus oxide as well as trace amounts of other species. (7) They are characterised by low viscosity, which enables production of polycrystalline materials by applying short production cycles at low temperatures, which is why, many researchers are keen on studying the melting and crystallisation behaviour of different igneous rocks and characterising the materials obtained. (8) The high chemical durability of natural basalts mean basalt as well as basaltic glass-ceramic materials have been developed for nuclear waste disposal. (9) For vitrification of various hazardous industrial wastes basaltic materials have many important properties and useful applications as they can increase the bending strength of tiles while preserving the physical-chemical properties required and improving sintering quality. Considering the main component of the raw materials compositions for making glass ceramic materials they can be used as heat and fire resistant materials because of their low thermal conductivities, high oxidation resistance, and high softening and melting temperatures. (10) In addition, basalt fibre has good tensile strength properties compared to other glass fibres. However basaltic fibre composites have a lower tensile fire resistance than an equivalent glass fibre laminates when exposed to the same heat flux. (11) Not only is basalt is used in road paving works and as a construction material for building blocks, but also it can be contributed in cement manufacturing where it results in a higher compressive resistance without the addition of aggregates. (12) The cement manufacturing industry is one of the By-pass materials used in this investigation are formed as waste materials during cement manufacture at the Misr Beni-Suef Cement plant. This large amount of industrial waste can cause significant environmental and ecological problems if not treated properly. So that utilisation of this waste is considered of economic importance. In recent years, many investigations on the utilisation of fly ash in glass-ceramic production have been reported. (13) (14) (15) The use of waste materials such as by-pass cement dust, ceramic waste, glass cullet and blast furnace slag for the production of glass-ceramic materials are of great economic, technological and scientific importance through proper correction of chemical batch composition. The transformation of waste into glass or glass-ceramics provides the opportunity of making useful, marketable products where glass-ceramics are known to have many commercial applications such as bench tops, building blocks and floor and wall tiles. (16) (17) (18) Many studies successful prepared glass ceramics based on basaltic rocks; these include using a mixture of the waste from the mining of boron-rich minerals and basaltic rock, and recycled soda-lime-silica glass by using direct sintering to produce a new product, lying between traditional ceramics and glass-ceramics. (19, 20) The aim of the present study is to explore the possibility of obtaining cheap glass-ceramic materials from natural Sinai basaltic rocks with by-pass cement dust.
Experimental techniques

Batch preparation and melting
The collected basalt was crushed, milled for 20-30 min in an agate mill, and the obtained powder was sieved to obtain the sub-75 µm fraction. Chemical analysis was performed by x-ray fluorescence (XRF); Table 1 shows the chemical analysis of the materials used for batch preparation. Six melted glass compositions based on basaltic rocks with successive increases in the amount of by-pass cement dust were developed. These glasses are designated as G0, G10, G20, G30, G40 and G50; where the number indicates the weight% content of by-pass cement dust components and the rest is the basaltic rocks ( Table 2 ). The corresponding batches were generally melted in alumina crucibles at 1400-1450°C for 2-3 h depending on the composition of the batch mixture. Homogeneous and bubble free glass specimens were obtained. The viscosity of the glass melts was noticed to decrease in the order G0 to G50. The resulting glasses were stable to uncontrolled devitrification and showed good working properties. After melting and refining the bubble free melts were cast onto a steel plate in the form of discs and rods, and then transferred to a preheated muffle furnace at 550°C, which was then switched off to cool to room temperature.
Differential thermal analysis (DTA)
The DTA scans of the glasses were carried out using a Perkin-Elmer Microdifferential Thermoanalyzer. About 60 mg of powdered glass, with a grain size less than 0·60 mm and greater than 0·2 mm, was used with Al 2 O 3 powder as a reference material. A heating rate of 20°C/min and sensitivity setting of 8 µV/cm were maintained for all the DTA runs, which were performed in an atmosphere of pure flowing nitrogen, flowing at a rate of 30 ml/min.
Heat treatment
The choice of the temperature range, for crystallisation was guided in most cases by the DTA results. Heat treatments were also conducted at temperatures up to 1000°C at 100°C intervals with a heating rate of 10 K/min to follow the transformations of crystallising pyroxene phases. Soak times of 2 h were measured from the time at which the sample reached the desired temperature. The choice of this soaking time was based on the optimum time required to induce the crystallisation process in these glasses.
Glass samples were heated in a muffle furnace Cl  0·00  0·49  0·98  1·48  1·98  2·47  LOI  2·20  3·11  4·02  6·19  7·02 7·83 Where: G0=100% basalt; G10=10% by-pass cement dust+90% basalt; G20=20% by-pass cement dust+80% basalt; G30=30% by-pass cement dust+70% basalt; G40=40% by-pass cement dust+60% basalt; G50=50% by-pass cement dust+50% basalt from room temperature to the required temperature and kept at the intended temperature for 2 h, after which the furnace was switched off and the samples were allowed to cool inside it to room temperature.
Table2. Chemical composition of the investigated glasses
A double stage heat treatment schedule was used to study its effect on the microstructure. Glass samples were first soaked at 700°C for 1 h and then at 900 or 1000°C for 2 h.
X-ray diffraction analysis (XRD)
Diffraction patterns were obtained from the heat treated samples using a Philips PW1390 type diffractometer with Ni filtered Cu K α radiation. All instrument settings were maintained the same for all analyses using a Si disc as an external standard, this was necessary to make the measurements based on the peak height more accurate.
Scanning electron microscopy (SEM)
Scanning electron microscopy (SEM; model XL30, Phillips Holland) was used to examine the microstructure of the crystalline samples at 1000°C. The fresh fracture surface of the samples was etched chemically by 1%HF+1%HNO 3 solution for 1 s. The samples were then dried and coated with a gold film for SEM examination.
Microhardness
Indentation microhardness was determined for the obtained glasses and corresponding glass-ceramics. The Vicker's hardness values were measured by using a M-type Shimadzu (Japan) Microhardness Tester , with a load of 100 g. The loading time was fixed for all crystalline samples at 15 s. The Vicker's microhardness value was calculated using:
where P is applied load in kgf, and d is the average diagonal length in µm. Microhardness values are converted from kgf/mm 2 to MPa multiplying by the acceleration due to gravity 9·81 m/s 2 .
Bending strength
Bending strength was evaluated by four point bending of the as-prepared glass-ceramics (1000°C for 2 h), using unpolished as-produced test pieces and a Shimadzu Autograph DCS-R-10TS universal testing machine at a crosshead speed of 0·5 mm/min. The reason for using unpolished test pieces is to obtain the strength data from as-produced samples similar to those that wouldactually be used in building materials, and to avoid chipping of samples that contain glassy-phases by polishing.
Water absorption
Samples were placed in a drier until the weight became constant; after which they were cooled in a desiccator and weighed (W 1 ).These samples were placed vertically in a metal pot, with no contact between them .Water was added so that there was a depth of 5 cm of water. The water was boiled for two hours. 
Chemical durability and density
The density of the samples was determined by Archimedes using ethylene glycol as the immersion fluid. The chemical durability of the glass-ceramics was tested by a chemical etch method. The samples were corroded in 5% HCl and 5% NaOH solution at 95°C for 24 h and then the so-called residual rate was calculated.
Results and discussion
The DTA scans were helpful in determining the temperature range of crystallisation and heat treatment schedule to be applied to the studied glasses. Differential thermal analysis of the investigated glasses ( Figure 1 ) showed various endothermic effects. These small heat absorptions may indicate molecular rearrangement preceding glass crystallisation. (22) Exothermic peaks indicating crystallisation reactions are also recorded. The limits of crystallisation lie around ±30° of the crystallisation peaks because in powdered glass, surface nucleation and crystallisation tend to obscure the internal structural changes. (23) There are also noticeable gradual decreases in the endothermic temperature from G0 to G50. This may be attributed to decrease of Al 2 O 3 and SiO 2 and with the increase of Na 2 O, K 2 O and CaO in the by-pass cement dust (Figure 1 ). The positions of the endothermic peaks were slightly shifted to lower temperatures for glasses in the order G0 to G50, respectively. In other words, the temperatures corresponding to either T g or pre-crystallisation endothermic peaks of the glasses emerged slightly towards higher temperature values as the basaltic content (SiO 2 +Al 2 O 3 ) was increased in the glass composition.
The broad nature of the exothermic peaks (see Figure 1 ) indicates the wide temperature range through which crystallisation of the investigated glasses may take place. Accordingly, glass samples G0-G50 were treated at a temperature in the middle and extreme crystallisation range, i.e. 900 and 1000°C. However, the low peak height indicates the presence of a relatively large volume fraction of the crystalline phases. About 2 h at 900 or 1000°C were found to be the minimum time required to incite the crystallisation process in these glasses. This heat treatment process at 900 or 1000°C for 2 h covers most of the thermal variation appearing on their DTA curves ( Figure 1) ; Table 3 summarises the DTA peak temperatures, thermal effects and corresponding structural changes resulting in the studied glasses.
The DTA curves show small dips in the temperature range 675-685°C due to the glass transition temperature, T g , or corresponding approximately, in accordance with de Vekey & Majumber, (24) to the temperature range defined by T g and T s . An increase in the DTA measured T g could be observed as the nominal content of by-pass cement dust was decreased from G0 (685°C, by-pass cement dust=0%) to G50 (675°C, by-pass cement dust=50%).
Another two pertinent features related to the crystallisation process could be noticed on the DTA curves. The first feature is the broad endothermic peak appearing in the temperature range 675-685°C. These endothermic peaks approximately correspond to phenomenon preceding glass crystallisation (precrystallisation processes), where the glass forming elements begin to arrange themselves in preliminary structural groups suitable for subsequent crystallisation (Thakur & Thiagarajan) . (23) This thermal absorption range will be considered as the nucleation range. The second feature is the major exothermic peaks appearing in the temperature range 840-886°C immediately following the major endothermic peaks. These exothermic peaks are due to glass devitrification and release of corresponding thermal energy.
X-ray diffraction (Table 4 and Figure 2 ) showed that diopside, anorthite, gehlenite and magnetite were the main crystalline phases that developed after heat treatment of the glass samples at 900°C for 2 h. The oc- (Figure 3) the the x-ray patterns show a clearer picture and indicate that the nominal phase 
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Figure 1. DTA curves of the investigated glasses
X-ray diffraction patterns of the investigated glasses heat treated at 900°C for 2 h
constitution is nearly approached. From Figure 3 (samples G0 to G30) it can be noticed that there are increases in the intensities and explicitly of anorthite lines (e.g. 4·05, 3·21 and 3·18 Å). While in G40 and G50 anorthite has transformed into gehlenite (gehlenite lines at 3·07, 2·85 and 1·75 Å). It can be said that heat treatment at 900 or 1000°C for 2 h leads to crystallisation of diopside, anorthite and magnetite in samples G0-G30, while in G40 and G50 diopside, gehlenite and magnetite were formed according to: CaAl 2 SiO 6 (Ca-Tschermak's in diopside)+CaO (excess in G40 and G50)AECa 2 Al 2 SiO 7 (gehlenite major phase) + low intensity of diopside lines (Figures 2 & 3) .
This results in the formation of pyroxene phases in quantities greater than their normative values. This is favoured by the tendency of aluminium to share in the building of complex pyroxenes.
Diopside is the most widespread pyroxene member and represents a group of closely related minerals with a chemical formula of CaMgSi 2 O 6 with identical structures, but containing diff erent percentages of certain elements. (25) In the light of the experimental results, it can be considered that there is an intermediary member between diopside (CaMgSi 2 O 6 ) and Ca-Tschermak (CaAl 2 SiO 6 ). This member represents a mineral midway between these two minerals along this series, where Al 3+ occupies both octahedral (AlO 6 ) and tetrahedral (AlO 4 ) positions in the structure. Table 4 gives a summary of the crystalline phases developed after various heat treatment conditions as identifi ed by XRD. These results emphasise the capability of the expanding pyroxene structure to accommodate diff erent amounts of other cations forming complex series of solid solutions. Thus instead of the formation of the plagioclase molecules CaAl 2 Si 2 O 8 , Ca-Tschermak's component CaAl 2 SiO 6 molecules are formed which can be accommodated in a solid solution in the pyroxene structure.
Salama et al determined the maximum concentrations of CaAl 2 SiO 6 component, which can be taken up by diopside as 25%. Omar et al showed that a complex pyroxene containing up 48% of the CaAl 2 SiO 6 component under non-equilibrium conditions of crystallisation could be obtained. Ca-Tschermak (CaAl 2 SiO 6 ) is a pyroxene phase. The amount of aluminium sharing in the pyroxene structure is dependent upon the original composition of the glass and the crystallisation parameters. Flemming and Luth studied the system CaMgSi 2 O 6 -CaAl 2 SiO 6 . They showed that the composition across the diopside/ Ca-Tschermak's solid solution follows:
Octahedral sub latt ice Tetrahedral sub latt ice
The displacement of the major characteristic dspacing lines of the pyroxene variety towards higher 2θ values may support the suggestion that Al 3+ was incorporated in the pyroxene ss of diopside type. Omar previously mentioned it and El-Shennawi (26) that during the crystallisation of basaltic and similar basic silicate melts the boundary curves between the plagioclase and pyroxene fi elds of crystallisation are displaced towards widening of the crystallisation fi eld of complex aluminous pyroxene phases. Figures 4 and 5 show SEM micrographs of the crystallised samples. From microscopic examinations of glasses G0-G50 heat treated at 1000°C for 2h, it can be seen that crystallisation began with glasses G0 to G30 at relatively higher temperatures and give bulk crystallisation. While in glasses G40-G50 crystallisation starts at lower temperatures and gives surface crystallisation. Bulk nucleation predominates in G0 and G10, where crystallisation readily took place throughout the entire volume of these glasses giving crystal sizes ranging from 100-150 nm (G0) and 200-250 nm (G10) (Figure 4) .
The above results show that, as the basalt component in the glass increases, the tendency of the glass to move to bulk crystallisation increases. At about 20 wt% by-pass cement dust the tendency towards bulk crystallisation increases and it is therefore possible to relate such a high tendency towards bulk crystallisation through the eff ect played by Al 3+ ions. Al 3 Ions
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Figure 4. SEM micrograph of G0, G10 and G20 heat treated at 700°C for 1 h and then at 1000°C for 2 h
may likewise be responsible for encouraging bulk crystallisation on going from G50 to G0 because of a possible change in its coordination from four to six. The coordination state of Al 3+ ions in silicate glasses has been subject to considerable debate. Physical property measurements for alkali silicate glasses (27) and alkaline earth silicate melts (28) suggested that Al 2 O 3 acts amphoterically over a wide range of compositions. Aluminium can also occur in both network forming and network modifying positions, hence Al 3+ ions would therefore be present in both fourfold and six fold coordination.
As the by-pass cement dust percentage increase in the base composition and consequently basaltic rock decrease, the crystallisation is easier, (i.e. the glass becomes more crystallisable) and crystallisation begins at lower temperatures. This is most probably due to the role played by Na 2 O, K 2 O and CaO in the by-pass cement dust composition, which is acting as nucleating agents in the iron rich glasses, and which are known to reduce the viscosity of the melt. (29) The list of properties in Table 5 reveals the infl uence of composition on microhardness and bending strength, chemical durability and density of the glassceramic specimens G0 to G50 treated at 1000°C for 2 h. Table 5 shows mechanical and physicochemical properties decrease with increasing by-pass cement dust content in the glass batches.
Microhardness values of the glass-ceramics ranged from 4·1 to 6·8 GPa. The high microhardness value (6·8 GPa) measured for G0, may be due to the formation of an oriented fi ne microstructure as identifi ed using SEM (Figure 4 ) and also to the crystallisation of high microhardness diopside (major phase), together with magnetite and anorthite. Park et al (30) showed that crystalline materials containing large amounts of diopside generally had a high microhardness value due to the interlocking microstructures of diopside. The microhardness of glass-ceramics generally increases with increasing crystallisability, smaller crystalline grains as well as the formation of fi ne microstructures. (31) Lin et al (32) explained that in general, grain size and porosity are key factors aff ecting on the strength of glass-ceramics, the strength of a ceramic material increased with decreasing grain size and porosity.
The bending strengths of the present glass-ceramic specimens ranged from 135-75 MPa for samples G0 to G50 after heat treatment at 1000°C for 2h. The diff erences in strength may be att ributed to the different major crystalline phases. It is, therefore, found that diopside is a preferable crystalline phase to gehlenite from the viewpoint of the strength of these glass-ceramics. Park et al (30) also reported a similar tendency in glass-ceramics prepared from sewage sludge fl y ash. They prepared two glass-ceramics with diopside>anorthite and anorthite>diopside, and found that bending strength of the former glassceramic (92 MPa) was higher than that of the latt er (75 MPa). Liu Changxia et al (33) reported that bending strength and fracture toughness increase with increasing amounts of diopside. The present results conform to those in the literature.
The chemical durability of glass-ceramics, especially in acid conditions, is important if the materials are to be considered as potential building materials because acid rain is becoming an increasing serious problem in a number of countries. The chemical resistance of glass-ceramic specimens was determined by immersion in HCl and NaOH solutions. Table 5 shows the chemical resistance of the studied glasses decrease from G0 to G50 and shows that G0 is better than the G5. Specimens G0 and G10 which have the largest crystalline contents and low alkali contents (CaO+K 2 O) show the greatest resistance to acids and alkalis. Through XRD and SEM analsyis, it was found that the increase of alkalinity in raw material caused greater amounts of amorphous material in the glass-ceramics. Jian Zhang et al (34) reported that higher contents of Na 2 O (>10 wt%) decrease the chemical durability and compressive strength.
The durability of glass-ceramics samples correlated well with the crystallisation degree of the produced samples. (35) Additionally, the durability of the glass-ceramic sample also correlated with the morphological character of the crystalline phases. The G0 glass-ceramics samples with a fine microstructure showed a greater resistance to strong acid and alkaline solutions. The difference in acid resistivity was also due to the higher amount of Al 2 O 3 in the glassceramic samples, which played the role of network former to strengthen the glass network.
(36) Table 5 shows the density decreases with increasing alkali content (CaO+K 2 O) and our calculations showed that the density of glass-ceramics investigated were in the range from 2·9445 to 3·0600 g/cm 3 . It seems that the difference in density between residual glasses is responsible for the observation. In our opinion, this phenomenon along with density difference is responsible for lower strengths in the glass-ceramic samples with high alkali contents. For the phases of the present study, diopside is slightly denser than anorthite than gehlenite.
Conclusions
Glass-ceramics were prepared from basaltic rocks and by-pass cement dust generated from cement industry, the following conclusions can be drawn:
• Sinai basaltic rocks with by-pass cement dust can be successfully used for making glass-ceramic materials • Diopside, anorthite, gehlenite, magnetite phases were formed during heat treatment • The resulting glass-ceramics were black in colour, with zero water absorption and a smooth surface with a density ranging from 3·0600 to 2·9445 gm/cm 3 • The four point bending strengths of glass-ceramics ranged from 75 to 135 MPa and the Vickers microhardnessed ranged from 4·1 to 6·8 GPa.
• The glass-ceramics obtained showed good mechanical and physicochemical properties.
• The glass-ceramics with finer microstructures showed better physical and mechanical properties and chemical resistance • The nanocrystals in G0 and G10 gave superior physical and mechanical properties, hence these compositions are suitable for industrial applications such as wall and floor tiles, top benches and many other applications.
• Microstructure, physical and chemical properties results showed that the best glass tested was G0, with 100% basalt composition.
